Abstract The M w 7.1 Hector Mine earthquake of October 16, 1999 was recorded by more than 300 stations of TriNet, which is administered cooperatively by the California Division of Mines and Geology's California Strong Motion Instrumentation Program (CDMG/CSMIP), California Institute of Technology, and the U.S. Geological Survey (USGS). The earthquake occurred in a remote part of the Mojave Desert, approximately 190 km northeast of downtown Los Angeles, and there were no strong-motion stations close to the surface rupture. The nearest station, Hector, is about 27 km north of the epicenter; it recorded a peak horizontal ground acceleration of 0.33g. The two next closest stations, Amboy and Joshua Tree, are to the east and south, both at epicentral distances of about 50 km; each recorded peak ground accelerations of about 0.2g. The new digital instruments installed for the TriNet project recorded a large set of reliable data at epicentral distances up to 275 km. These data can significantly improve empirical peak ground motion attenuation relationships, which are usually developed for distances only up to 100 km (Boore et al., 1993 (Boore et al., , 1997 because adequate data have not been available at greater distances.
Introduction
The M w 7.1 Hector Mine, California, earthquake occurred on 16 October 1999 at 2:46 a.m. PDT in a remote part of the Mojave Desert area, approximately 190 km northeast of downtown Los Angeles. The hypocenter is located at 34.59ЊN and 116.27ЊW at a depth of 5 km (Hauksson et al., 2002) . The earthquake produced approximately 45 km of surface faulting along part of the Bullion fault and the previously unnamed Lavic Lake fault, as well as parts of several other faults (Treiman et al., 2002) . The fault mechanism was right-lateral strike slip, with an observed average slip of 250 to 300 cm across the entire fault zone and vertical displacements of 100 cm or less (Trelman et al., 2002) . The rupture was located approximately 20 to 30 km east-northeast of the 1992 M w 7.3 Landers fault rupture.
The Hector Mine earthquake was recorded by more than 300 strong-motion stations of TriNet, which is administered by the California Strong Motion Instrumentation Program (Division of Mines and Geology), California Institute of Technology, and the U.S. Geological Survey (Mori et al., 1999) . The station HEC near Hector was the closest seismic station, located approximately 27 km north of the epicenter (10.7 km from the nearest part of the rupture); it recorded a peak horizontal ground acceleration of 0.33g. The two other stations closest to the epicenter were Amboy and Joshua Tree. They are located to the east and south, at epicentral distances of about 50 km, and recorded peak ground accelerations of 0. 18 and 0.19g, respectively . Maximum values of ground acceleration, velocity, and displacement recorded by the TriNet ground-response stations are listed in Table 1 . To make comparison of processed data easier, all digital records were processed uniformly in the same frequency band: 0.067 to 46 Hz (0.022-15 sec). The data set includes records from 213 ground-response stations.
In contrast to the strong-motion data sets recorded largely by analog instruments during the 1992 Landers and the 1994 Northridge earthquakes (e.g., Shakal et al., 1992 Shakal et al., , 1994 Cramer and Darragh, 1994) , most of the data recorded during the Hector Mine earthquake were obtained using digital instruments. The second main difference is that no largeamplitude, near-source ground motions were recorded during the Hector Mine event, because of the sparse distribution of stations in the Mojave Desert area. The new digital instrumentation installed in the TriNet project recorded a large set of reliable data at epicentral distances up to 275 km. The recorded strong-motion data can be used in earthquake source-and wave-propagation modeling and in engineering analysis of ground shaking. These data can also be used to significantly improve empirical peak horizontal ground motion attenuation relationships, which are usually developed for distances of only 100 km or less (Boore et al., 1993 (Boore et al., , 1997 because not enough reliable data have been available for greater distances.
Highlights of Ground-Response Strong-Motion Records
A list of all processed records from the TriNet groundresponse stations used in this article is given in Table 1 . The stations are listed in order of increasing epicentral distance. The processed time series for acceleration, velocity, and displacement at six ground-response stations were selected to highlight important features of the data set. The records from Big Bear Lake-Fire Station (epicentral distance r ‫ס‬ 68 km), Wrightwood-Nielson Ranch (r ‫ס‬ 121 km), Altadena-Eaton Canyon Park (r ‫ס‬ 174 km), Downey-County Maintenance Bldg. (r ‫ס‬ 190 km), Long Beach-Los Coyotes and Stearns (r ‫ס‬ 193 km), and Los Angeles-116th Street School (r ‫ס‬ 197 km) are shown in Figure 1 . For all records, 80-sec time intervals are shown.
Peak ground acceleration generally decreases with increasing epicentral distance at the selected stations (Table  2) , but the table also shows that peak ground velocities (PGV) and peak ground displacements (PGD) do not follow a simple attenuation pattern.
Displacement waveforms at the first three stations are similar in shape, and are characterized by approximately 15 to 20 sec of relatively simple motion (Fig. 1) . This motion may be associated with the S wave coming from the earthquake source, with a period of approximately 6 to 8 sec. The maximum amplitude of this displacement generally decreases with increasing epicentral distance to about 100 km, beyond which it remains nearly constant at about 4 cm. This simple type of ground displacement also can be seen at many stations at epicentral distances up to 240 km (e.g., Pacoima, Sylmar, Newhall, Tarzana, and Moorpark; see Table 1 ). According to Dreger and Kaverina (2000a,b) , the major part of the seismic moment was released within 20 sec during the Hector Mine earthquake. This time interval corresponds to the duration of the recorded S-wave motion.
The long-period part of the velocity and displacement waveforms are significantly amplified in the Long Beach and Los Angeles areas, with displacements up to 15 cm and corresponding maximum horizontal velocities up to 13 cm/sec. Those are approximately the same levels as at the closest stations. Ground motions with long-duration wavetrains after the S-wave arrival were recorded at a large number of stations. Long duration (40-60 sec) and high amplitudes of long-period (6-8 sec) waves may be due to the basin waves or surface waves generated in the basin. These waves have approximately the same periods as the source-generated S waves.
Response spectra (5% damped; Fig. 2a ) of the N-S components of acceleration calculated for the three closest stations (Big Bear, Wrightwood, and Altadena; have maximum amplitudes at periods around 0.2 to 0.7 sec (frequencies 1.4-5.0 Hz), with much lower amplitudes at longer periods. In contrast to those three stations, spectral accelerations at the stations in the Los Angeles basin (Downey, Long Beach, and Los Angeles; Fig. 2b ) contain a very strong long-period (5-8 sec) component. This motion can also be seen in the time domain (Fig. 1d-f) .
Some stations in other areas also demonstrate relatively long duration of long-period motion. For example, the two stations on deep sediments in the San Bernardino area (San Bernardino-E and Hospitality, r ‫ס‬ 111 km, and San Bernardino-Mountain. View and Cluster, r ‫ס‬ 108 km) demonstrate up to 40 sec of long-period (5-6 sec), highamplitude motions. Ground motions at other stations over shallow sediments in the San Bernardino area (San Bernardino-Highland and Del Rosa, r ‫ס‬ 104 km; Highland, r ‫ס‬ 102 km; and Rialto, r ‫ס‬ 117 km) are more similar in shape to the motion at the Big Bear, Wrightwood, and Altadena stations, with the duration of main motion up to 20 sec and much lower amplitudes (see Table 1 ). These large variations in strong motion may be due to the differences in wave propagation path and site geology, especially the varying thickness and depth of the relatively soft sedimentary basin layers. Records in Salton City (148 km) and El Centro (216 km) display an extremely-long duration (100-120 sec) of long-period (4-8 sec) motions. Surface waves generated in the deep sedimentary basins along the propagation path may be responsible for these effects. In general, two types of ground displacement are observed during the Hector Mine earthquake:
1. One is a relatively simple motion with a duration of 15-20 sec. This type of motion can be observed everywhere, from 50 km up to 240 km from the epicenter. This motion may be associated with the source-generated S wave. 2. Motion of the second type is much longer in duration, about 40 sec; this type of motion is sinusoidal with a predominant period of about 5 to 8 sec. This type of motion is typical for certain locations in the Los Angeles, Long Beach, San Bernardino, and EI Centro areas. This displacement may be relatively high amplitude (more than 10 cm at the epicentral distances of about 200 km). The amplitude of this motion increases with time and reaches a maximum approximately 20 sec after the arrival of the S wave. This sinusoidal type of motion is most likely Love waves created by multiple reflections of S waves trapped in a deep sedimentary basin.
The N-S components of displacement waveforms recorded by 50 representative TriNet stations are shown on a map of southern California along with Quaternary, Tertiary, and Mesozoic (QTM) geology (Jennings, 1977; Park and Elrick, 1998) (Fig. 3) . Surface fault rupture produced by the Hector Mine earthquake is shown in red in Figure 3 (Treiman et al., 2002) . The map shows the distribution of displacement waveforms relative to the fault and QTM geology (Jennings, 1994) . Since the Hector Mine earthquake occurred in the Mojave Desert area, not many strong-motion stations that recorded the earthquake are located within 100 km of the epicenter. High-displacement amplitudes with long duration of ground motion occurred in the Los Angeles and Long Beach areas at the epicentral distance of about 200 km. Seismic waves with high amplitudes and long duration at periods of 5-8 sec may have significant effects on large structures.
In general, no direct correlation can be seen between QTM geology and ground displacements. Figure 3 graphically shows large variations in displacements, as seen in some areas near the ocean, where both types of motion (the simple 15-to 20-sec long and the sinusoidal 40-sec long) were recorded at nearby stations. In this specific set of data, directivity does not appear to play a significant role; however, the spatial distribution of the strong-motion stations, located mostly to the west and south of the earthquake fault at epicentral distances of more than 80 km, is not favorable for studying directivity effects.
Response of Tarzana
Significantly amplified ground accelerations at the Tarzana station were recorded during the M 5.9 Whittier Narrows earthquake and during the M 6.7 Northridge earthquake and its aftershocks (Shakal et al., 1988 (Shakal et al., , 1996 Darragh et al., 1997 Darragh et al., , 1998 . In contrast, the Landers, Big Bear, and Sierra Madre mainshocks, and some other earthquakes, produced lower site amplifications. Amplified seismic response was observed at the Tarzana station during the Hector Mine earthquake (at an epicentral distance of 214 km), with peak horizontal ground acceleration almost twice as large as the accelerations recorded at other stations located at the same epicentral distance (Table 1) .
The two strong-motion stations located at TarzanaCedar Hill B (having a three-component instrument at the surface and another one downhole at the depth of 60 m) and Clubhouse (about 180 m from Cedar Hill B, at the foot of Tarzana hill) have again demonstrated significant differences in maximum amplitudes of acceleration (0.055 and 0.036g, respectively) and velocity (5.0 and 3.5 cm/sec), with almost no difference in maximum displacements (2.5 and 2.4 cm). Figure 4 shows acceleration, velocity, and displacement time histories recorded at the downhole and two different surface locations. Ground motions were rotated to the directions parallel and perpendicular to the strike of the Tarzana hill.
Comparison of motions at the bottom and top of the hole shows significant amplification of accelerations (more than three times for the component perpendicular to the hill). In contrast to accelerations (high-frequency part of the seismic signal), displacements (relatively low-frequency part of the signal) demonstrate almost no site amplification from the bottom of the hole to the surface at long periods. Ground displacements at other CSMIP-instrumented downhole sites that recorded the Hector Mine earthquake also demonstrate almost no near-surface site amplification at longer periods (Graizer et al., 2000a,b) .
The downhole data are used as a reference to compare the amplification effect at the top of Tarzana hill (Hill B) and at the foothill (Clubhouse). Amplification from the bottom of the hole to the surface is similar along the component parallel to the strike of Tarzana hill to that at the foothill station, but the amplification from the bottom of the hole to (Jennings, 1977; Park and Elrick, 1998) . the surface is more than double along the component perpendicular to the strike of the hill at a period of 0.22 sec (4.5 Hz) (Fig. 5) .
Comparison of the response spectra demonstrates clear directional site response resonance at Tarzana hill, with an amplification of more than 3.5 between the foothill station and the top of the hill at a period of 0.3 sec along the component perpendicular to the hill (Fig. 5) . This result is similar to previously obtained results from aftershocks of the Northridge earthquake (Vidale et al., 1991; Hartzell et al., 1996; Spudich et al., 1996; Darragh et al., 1998) . The threedimensional topographic effect (Bouchon and Barker, 1996; Catchings and Lee, 1996; Spudich et al., 1996) only partially explains the site amplification on the top of the hill.
Ground Motion Attenuation
Plots of the Hector Mine peak horizontal ground acceleration (PGA), velocity (PGV), and displacement (PGD) recorded by the ground-response stations listed in Table 1 are shown in Figure 6 . The PGA, PGV, and PGD demonstrate the differences in amplitude attenuation of different parts of the seismic spectra in the epicentral distance range of 30 to 280 km.
Peak ground acceleration (Fig. 6a) represents the relatively high-frequency part of seismic radiation. It is associated with wave periods of up to 1 sec (frequencies higher than 1 Hz). PGA decreases with increasing epicentral distance to about 150 km, but stays relatively constant at greater distances.
Peak ground velocity (Fig. 6b) , representing the midrange frequencies of 0.1 to 3 Hz (periods of 0.3-10 sec), also demonstrates attenuation, but with much more variability. PGV generally follows the same pattern as PGA, decreasing with epicentral distance and reaching a level of approximately 3 to 5 cm/sec at a distance of about 220 km. It also demonstrates more variability than PGA, especially at epicentral distances of 120 to 220 km.
Peak ground displacement (Fig. 6c) , which is mostly associated with the relatively long-period part of the spectrum (generally, 2 sec and longer; frequencies less than 0.5 Hz), shows very high variability and little attenuation with distance, with anomalous amplification at about 160 to 210 km distance from the epicenter. The increased amplification may reflect the shift from motions associated with sourcegenerated S waves to the basin-generated or surface waves. PGD reaches a level of approximately 2 to 4 cm at distances greater than 220 km.
Variations in PGA data also are plotted with respect to the closest distance to the fault (in log-log scale) to allow comparison with the Boore-Joyner-Fumal (BJF) (Boore et al., 1993 (Boore et al., , 1997 relationship between PGA and fault distance. Coefficients for a strike-slip fault and average shearwave velocity of 520 m/sec in the upper 30 m are used to calculate the empirical prediction BJF97 curve (Fig. 7) . This velocity is recommended for use in BJF97 for the National Earthquake Hazards Reduction Program (NEHRP) site class C. The original BJF97 relationship for peak horizontal accelerations is reliable data at greater distances, and to magnitudes 5.5 Ͻ M Ͻ 7.5. Peak ground accelerations from the Hector Mine earthquake demonstrate reasonable agreement with the BJF97 attenuation curve in the applicable range and possibly may be used to extend the attenuation relationships to greater distances. Variations in acceleration, velocity, and displacement dependent upon the azimuth from the epicenter are demonstrated in the record section in Figure 8 . Three record sections for the N-S component of ground motion were constructed at azimuths of approximately 255Њ, 235Њ, and 215Њ from the epicenter. To make comparison of the records more convenient, they were shifted so that the maximum phase in displacement of the S-wave arrivals are aligned. Accelerations in Figure 8 may be characterized as relatively long wavetrains with varying periods and amplitudes. Velocities also can be characterized by large variations in amplitudes and periods of motions.
Displacements in the 255Њ azimuth in Figure 8a are similar in amplitude over a large range of epicentral dis- tances, from 100 to 200 km. Displacement records in the azimuth of 215Њ (Fig. 8c ) also demonstrate similarity in shape, but the amplitudes generally decrease with increasing epicentral distance. Displacements at alluvium sites on an azimuth crossing the Los Angeles basin (235Њ) have the biggest variations in wave shape and duration of oscillation (Fig. 8b) . Amplitudes of the motion decrease significantly in the intermediate part of the profile at epicentral distances of 130 to 140 km (e.g., Riverside, Corona) and increase again at distances of 180 to 190 km (e.g., Newport Beach, Huntington Beach).
Large variations in ground motions may be due to the wave-propagation path and near-surface site geology (Tarzana and Temecula) or to the thickness and structure of the sedimentary basin near the station (e.g., San Bernardino, Los Angeles, and Long Beach). For example, ground motion at Temecula (Fig. 8c) has a relatively strong component with a period of 1.4 sec (0.7 Hz), which may be due to the relatively soft surface layer.
Comparison with Landers Earthquake
In contrast to the 1994 Northridge earthquake (M w 6.7), the Hector Mine event (M w 7.1) occurred in a desert area relatively far from Los Angeles. From the point of view of its magnitude and location relative to the main urban areas, this earthquake was more similar to the 1992 Landers earthquake (M w 7.3).
The Landers earthquake was recorded by many strongmotion stations (e.g., Shakal et al., 1992; Cramer and Darragh, 1994) , but many of them were film strong-motion accelerograph (SMA) instruments. Relatively few of the Hector Mine earthquake records were recorded by the film instruments, with most of the data being recorded by modern, high-quality digital accelerographs.
A comparison was made of strong ground motions recorded at six stations in the Los Angeles area during the Hector Mine earthquake (epicentral distances of about 190 km) and the Landers earthquake of 1992 (epicentral distances of about 165 km).
For comparison with the Landers earthquake, records at the following stations are studied: Los Angeles-City Terrace, Los Angeles-University Hospital Grounds, Los Angeles-116th street School, Los Angeles-Pico and Sentous, Los Angeles-Temple and Hope, and Los Angeles-Obregon Park. The records of the Landers earthquake used for comparison are reprocessed using the same frequency band 0.067 to 46 Hz (0.022-15 sec) as all the records from the Hector Mine earthquake. The peak horizontal ground accelerations recorded at these six stations are listed in Table 3 , and Figure 9 is a comparison of the ground motions at two of the six stations. On average, peak ground accelerations during the Landers earthquake were 1.6 times larger than those of the Hector Mine event.
The response spectra from the 1992 Landers earthquake are higher than for the Hector Mine event, except at periods of 6 to 8 sec, where they are about the same value (Fig. 10) . As we have suggested, these periods are most likely associated with the motion in the source of the Hector Mine earthquake. In the 1.5-to 3.0-sec period range, the Landers response spectra are two to three times higher than those of the Hector Mine earthquake. The amplification factor in PGA that one can expect from the difference in magnitude and distance for these two earthquakes using the BJF97 empirical prediction of ground motion gives a factor of 1.24 (Landers PGA/Hector PGA ratio, Table 3 ). Since the actual peak ground accelerations in the Los Angeles area recorded during the Landers earthquake were 1.6 times larger than the motions during the Hector Mine earthquake, not only differences in location and magnitude are responsible for this effect. Differences in rupturing and directivity of the source processes might also contribute to this amplification effect.
The Landers records are characterized not only by higher amplitudes, but also by longer durations of motion. The longer duration may be explained by the longer rupture length of the earthquake source. Comparison of the surface ruptures associated with the 1992 Landers and the 1999 Hector Mine earthquakes shows that the overall length of the first event was approximately 1.8 time larger (Scientists of the USGS et al., 2000) . Using source modeling, the Landers fault length was estimated to be 65 km (Wald and Heaton, 1994) and the length of the Hector Mine source was estimated to be approximately 35 km (Dreger and Kaverina, 2000a,b) . 
Summary and Conclusions
A large set of high-quality, mostly digital strong-motion records from more than 300 stations was collected from the Hector Mine earthquake, which occurred in the Mojave Desert. The closest station to the epicenter was approximately 25 km to the north and recorded a peak ground acceleration of 0.33g. The two other stations closest to the epicenter were located to the east and south at epicentral distances of about 50 km; these recorded peak ground accelerations of about 0.2g.
Two main types of ground displacement waveforms were observed from the Hector Mine earthquake. The first type represents a relatively simple motion with a duration of 15 to 20 sec. This type of motion was observed everywhere, at epicentral distances from 50 km out to 240 km, and may be associated with the source-generated S wave. The second type of motion may have high amplitudes (more than 10 cm displacement) at epicentral distances of 160 to 220 km a duration of about 40 seconds long; it has a sinusoidal type waveform with a predominant period of about 5 to 8 sec. The second type of motion appears to be typical for certain locations in the Los Angeles, Long Beach, San Bernardino, and EI Centro areas and most likely is created by Love waves (e.g., by multiple reflections of S waves trapped in deep sedimentary basins).
In contrast to other data sets from large earthquakes in California, most of the Hector Mine strong-motion records were obtained at epicentral distances greater than 80 km. In this specific set of data, any directivity effect is less significant than the effect of local and regional geology. This data set may be used to improve existing attenuation relationships, which usually have not had enough reliable strongmotion data for fault distances greater than 100 km. Hector Mine peak ground accelerations (PGA) generally demonstrate reasonable agreement with the attenuation relationship developed by Boore, Joyner, and Fumal (Boore et al., 1997) , which was developed for fault distances less than 100 km because adequate data were not available at greater distances.
Peak ground displacements (PGD), with relatively large amplitudes recorded at epicentral distances of 160 to 220 km, do not demonstrate a normal attenuation pattern. Strongmotion data recorded in Los Angeles, Long Beach, and some other areas demonstrate significant, apparently basin-amplified wave amplitudes, especially at periods of 5 to 8 sec. This may reflect control by the sedimentary basin of the high-amplitude, long-period waves seen in the time domain.
Records from the Tarzana hill again demonstrated unusually high amplitudes of acceleration compared to the record at the foot of the hill. This site amplification effect has a clear directional character, with higher amplification along the component perpendicular to the strike of the hill. The source of the site amplification that produces large motions at Tarzana is still under investigation.
Comparisons of ground motions recorded from the M w 7.1 Hector Mine and the M w 7.3 Landers earthquakes indicate that the Landers records not only had higher amplitudes, but also had longer durations of ground motion. For the Los Angeles area, the Landers response spectra were on average two to three times higher than those of the Hector Mine event, except at periods of 6 to 7 sec, where they were about the same value.
Processed data from ground-response stations and a number of buildings and bridges were made available quickly after the earthquake at ftp://ftp.consrv.ca.gov/pub/ dmg/csmip/Hector_Mine/ (now HectorMine 99). Additional records of the USGS, CDMG, and other networks continue to be collected and verified and will be put on the TriNet/ CISN Web site (http://www.cisn.org). 
